It is generally accepted that the geometry of an environment is a reliable source of information for spatial navigation used by most vertebrate species. However, there is a continuing debate on which geometrical properties of space are the ones that matter for reorientation. In this study, pigeons were trained to find a food reward hidden in 2 opposite corners in a rectangular arena. The animals were then tested in a kite-shaped environment similar to Pearce, Good, Jones, and McGregor (2004) . We found that pigeons, unlike rats, were not able to identify the correct corner in the kite arena even though elements clearly preserved the correct long wall-short wall geometric configuration and the local aspect of the trained goal. This behavioral study was followed by a c-Fos, IEG analysis of brain activation that contrasted pigeons exposed to the trained, familiar rectangular environment with pigeons that were exposed to an unfamiliar, trapezoid arena. The hippocampal formation (HF) displayed greater c-Fos expression in the animals exposed to the familiar, training arena, which further supports the conclusion that pigeons do not substantially rely on local geometric features for reorientation.
space (Gallistel, 1990) . According to this definition, there are many possible geometric properties that could guide geometric reorientation.
Starting with an influential series of studies (Esber, McGregor, Good, Hayward, & Pearce, 2005; Pearce et al., 2004; Tommasi, & Polli, 2004) , the question of "what properties" has been addressed by using the "transfer-of-search" experimental paradigm; that is, training in one environment and then transferring the subject to a different, manipulated environment to examine if the pattern of searches deviates significantly from random. Attention has focused on two classes of geometric cues that can guide navigation or reorientation. One possibility is that animals rely on the global geometry of the environment. This supposes that when transferred to a new arena, their choices follow the processing of the overall shape of the environment (global shape congruence) or a global shape parameter, such as the principal axis (the long axis) or the medial axes (axis of symmetry; Cheng & Gallistel, 2005) . Another possibility is that animals are guided by local geometric cues, which are geometric properties of the environment (e.g., wall length, corner angle) present at, or near, a goal location. According to this latter view, in a novel enclosure a subject should search at the location that matches best the local information learned in the training enclosure. Initial studies on rats (Esber et al., 2005; Pearce et al., 2004) and chicks (Tommasi & Polli, 2004) revealed that a local strategy was guiding behavior. At least in rats (McGregor, Jones, Good, & Pearce, 2006) , processing of global shape appears unnecessary or insufficient to account for the observed search behavior even when alternative explanations based on global shape parameters (such as in Cheng & Gallistel, 2005) are considered. By contrast, local geometric cues seemed to be convincingly used. However, evidence from other studies brings into question how generalizable this interpretation may be.
Although the importance of local cues has been confirmed even more recently (rats: Poulter, Kosaki, Easton, & McGregor, 2013) , there is growing evidence in the literature supporting the use of global geometry (humans: Ambosta, Reichert, & Kelly, 2013; Bodily, Sullens, Price, & Sturz, 2018; Buckley, Smith, & Haselgrove, 2016; Sturz, Gurley, & Bodily, 2011) , and of both global and local geometric information guiding behavior (birds: Bingman, Erichsen, Anderson, Kelly, Chiandetti, & Vallortigara, 2010; humans: Bodily, Eastman, & Sturz, 2011; Lew, Usherwood, Fragkioudaki, et al., 2014; Sturz, Forloines, & Bodily, 2012) . Some of this research proposed that animals represent global shape by processing the principal axis of the environment (e.g., Bodily et al., 2018; Sturz et al., 2012) , while some others supported more the use of the medial axes (e.g., Ambosta et al., 2013; Kelly et al., 2010) . In most of these studies, humans (Ambosta et al., 2013; Bodily et al., 2011 Bodily et al., , 2018 Buckley et al., 2016; Lew et al., 2014; Sturz et al., 2011 Sturz et al., , 2012 and rats (Esber et al., 2005; McGregor et al., 2006; Pearce et al., 2004; Poulter et al., 2013) were used as animal models. Birds have been used rarely (only two bird studies changed the shape of the environment on test trials; Tommasi & Polli, 2004; Kelly et al., 2010) , and to the best of our knowledge, homing pigeons (Columba livia) were considered only in one study, by Kelly and colleagues (2010) . However, in Kelly et al. (2010) , rather than a kite or trapezoid shape, which have simpler geometric properties and are more typically used in rodent reorientation studies, the transformed environment was L-shaped.
The prevailing use of mammal species for investigating the nature of the geometric information used by animals to reorient raises the obvious question of how those findings may generalize to other vertebrate taxa. Birds in particular are of interest because of their well-known spatial cognitive abilities and the routine success they have using the geometric features of an enclosed space to locate a goal (e.g., Kelly et al., 2010; Kelly & Spetch, 2001; Kelly, Spetch, & Heth, 1998; Tommasi & Polli, 2004; Vargas, Petruso, & Bingman, 2004) . Acknowledging the influence of the Pearce and colleagues' (Esber et al., 2005; Pearce et al., 2004 ) studies using the transfer paradigm in a kite-shaped environment as a basis for understanding the nature of the geometric information used for reorientation, the goal of the current study was to implement a similar paradigm to determine if birds-homing pigeons in particular-would show a similarly robust dependence on local geometric information. After learning to localize food in a rectangular arena, pigeons were transferred to a kite-shape arena, which preserved the local geometric properties (angle and wall lengths) of the rewarded corners during training. If in the kite transformation pigeons represent the geometric space in a manner similar to what has been observed in rats (Esber et al., 2005; Pearce et al., 2004) , one would expect that the pigeons would successfully generalize their search behavior to the novel arena demonstrating the use of local geometry. Specifically, reliance on local geometric cues would be supported by a significant preference in the kite arena for the right angle corner with the long wall-short wall configuration matching the rewarded corner in the rectangular arena (see Figure 1) .
Additionally, given the presumptive role of the avian hippocampal formation (HF) in supporting geometric reorientation Nardi & Bingman, 2007; Vargas et al., 2004) , we set out to further determine if recruitment of the HF in locating a goal in the familiar, rectangular arena could be detected by an upregulation in the neuronal activation marker c-Fos.
Method Subjects
Eight adult, experimentally naïve young pigeons (Columba livia) were used for the experiment, which took place between February and April, 2018. Animals were maintained in accordance with National Institute of Health guidelines and all procedures were approved by the Bowling Green State University Institutional Animal Care and Use Committee. Pigeons were housed individually in stainless steel cages (26.7 cm wide ϫ 29.8 cm deep ϫ 28.6 cm high) and kept on a 14/10 h light/dark cycle. During experimental training, pigeons were maintained at approximately 82% of their free-feeding body weight and given free access to grit and water.
Materials
The rectangular training arena used ( Figure 1A ) was similar to that used by Vargas et al. (2004) This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
contained four openings (20.5 cm wide ϫ 25.5 cm high), one at the bottom and center of each wall, serving as start entrances. Each start entrance was covered with a removable door. The arena was illuminated by a 40 W light bulb placed at a height of 130 cm over the center of the enclosure. The experimenter could observe the animals' movements through one of four one-way glass windows (28 ϫ 28 cm) placed in the middle of each wall (above the entrance openings) at a height of 120 cm from the floor. Four green feeding bowls (6.4 cm in diameter and 5.1 cm in height) were placed 15 cm diagonally from each corner.
Procedure
Pretraining. After approaching 82% of their free-feeding body weight, pretraining procedures began. Each pigeon was transported in a carrying cage and placed inside the darkened experimental room, which was housing the darkened experimental arena. The cage was slowly rotated for a minute (approximately 10 -12 rpm) on a rotating chair to impair the use of inertial vector orientation. The animal was then removed from the cage and released into the experimental arena through one of the four entrances randomly chosen. The light of the arena was turned on and the pigeon was allowed to search for food and explore the arena for 20 min.
Food was initially accessible to them on the floor and around the food bowls, and was then partially covered with grit in following sessions as they learned to search for the food. Animals were gradually allowed to eat from the four bowls only. A pigeon remained in the arena until it ate from all four bowls or 20 min had elapsed. To remove an animal, the light of the arena was turned off, the experimenter entered the arena (the walls were externally hinged), and the pigeon was placed back in the carrying cage and taken to its home cage. This procedure continued until a pigeon learned to eat from all the bowls with the food completely concealed with grit. Pigeons were given one trial per day and no animal took longer than 6 days to meet the pretraining criterion.
Training. Once a pigeon had met the pretraining criterion, training began on the following session. Each daily training session consisted of six trials in the same rectangular arena, but now only two of the four bowls, diagonally across from each other, had food available (rotationally opposite, geometrically equivalent corners; Figure 1A ). For half of the animals the food was located in the corners that had the short wall to the left and long wall to the right (when facing them), while for the remaining half the correct corners had the short wall on the right and the long wall on the left. To begin a trial, pigeons were placed into the arena as described for the pretraining trials. They were given a maximum of 3 min to This document is copyrighted by the American Psychological Association or one of its allied publishers.
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search for food. A pigeon was allowed to search among the food bowls until finding one of the two correct or rewarded bowls. If its first choice was one of the baited bowls, the trial was scored as correct. A trial was over immediately after a pigeon ate from one of the baited food bowls or after 3 min had elapsed, at which point the pigeon was removed from the arena. The pigeon was removed as described for pretraining. The bird was then placed in a darkened waiting room for 5-10 min until the next trial started. During the intertrial interval, food bowls were rebaited and the arena floor and walls were thoroughly cleaned to remove any residual cues that might have been left by the pigeon. This procedure was repeated until the completion of the six trials. After the sixth trial was completed, the animal was carried back to its home cage. Sessions were repeated until a pigeon reached the acquisition criterion of 83.3% correct first choices for three consecutive sessions (15 correct trials out of 18). Once a bird reached this criterion, four additional postcriterion, probe sessions were conducted. For the postcriterion sessions, one probe trial was added among the regular six training trials of a session (seven trials in total). The probe trial randomly occurred between the third and sixth of the seven trials. Probe trials. During probe trials the rectangular shape of the enclosure was transformed into a kite-shape by breaking the links among the walls of the arena and reattaching them to create the new shape ( Figure 1B ). The kite-arena presented two right-angled corners that were congruent with the corners of the rectangular training arena ( Figure 1A ) and were formed by a long wall and a short wall. Furthermore, there was an acute (50°) and an obtuse corner (130°) at the juncture of two walls of the same length. The food bowls were all unrewarded on the probe trials, but they did contain grit. On probe trials, a pigeon was allowed to make only one food bowl choice, otherwise the procedures on the probe trials were identical to those on training trials. If a pigeon failed to make a choice in 3 min the trial was repeated the next day (all pigeons completed four probe trials across four sessions).
Statistics
Statistical analyses of the behavioral data were carried out using the programs Infostat (Infostat; UNC, Córdoba, Argentina) and SPSS (IBM SPSS Statistics). For training trials, onesample t tests were used to compare performance on each session (Session 1 to 3) to chance level (50% correct). For probe-test trials, homoscedasticity was rejected through the Levene test even after transforming the data. Therefore, the nonparametric Kruskal-Wallis test was used to determine if the pigeons displayed any preference for one of the corners in the kite-shaped arena; particular interest was placed in determining if there was a preference for the corner that maintained the same local geometric properties of training. Furthermore, one-sample t tests were used to compare corner choices during probe trials with chance performance (25%).
Because the first-order statistical analysis described above revealed no corner preference for the kite-arena (probe trials), we thought it would be prudent to carry out a Bayesian inference testing to further test for differences in choices during probe or test trials. This analysis was done using the JASP statistical program (JASP 0.9.0.1 (free): https://jasp-stats.org/ download/) using a prior effect size obtained from Nardi and Bingman (2009) .
c-Fos Analysis of Hippocampal Activation
After completion of the probe sessions, pigeons were given one last training trial the following day to examine c-Fos, an IEG (Immediate Early Gene) marker of neuronal activation, expression in the HF. The purpose was to determine if the HF was recruited as pigeons reoriented to the goal locations of the training arena. For the c-Fos session, half of the pigeons were trained in the familiar, rectangular training arena while the remaining half was trained in a novel-shaped arena.
Half of the pigeons (n ϭ 4), randomly selected, were given a training trial in the familiar, rectangular training arena located in the same experimental room using the same procedures of a normal training trial. Only one trial was carried out. A pigeon remained in the arena for 80 min, after which it was put back into the covered, darkened carrying cage and taken to another room for perfusion.
The remaining pigeons (n ϭ 4) experienced this additional training trial in an unfamiliar arena. Pigeons were taken in the carrying cage to a different, darkened experimental room, where they were placed in a novel trapezoid arena (the same trapezoid arena was previously used by Nardi & Bingman, 2009 ). The trapezoid arena, made of the same Styrofoam but not covered with the obscuring wallpaper, was composed of four walls (61 cm high) attached to create an isosceles trapezoid (longer base 165 cm, shorter base 87 cm, legs 92 cm). This arena was located on the floor in the middle of the new experimental room and was covered by a white cloth. There were four new metal food containers (different from the "familiar" green containers), also filled with grit and only one of them was rewarded (each animal had the food buried in a bowl located in a different corner of the new arena). To place the pigeons inside the new arena, the cloth of the roof was partially removed and a pigeon was placed haphazardly inside the trapezoid. The cloth was then put back in place and the lights of the experimental room were turned on. Each pigeon underwent only one trial and remained in the novel arena for 80 min. Then the lights were turned off, the pigeon was removed from the trapezoid arena and taken to another room for perfusion.
Perfusion and c-Fos Processing
Eighty minutes after the beginning of the c-Fos training trial, pigeons from both the familiar and unfamiliar arenas were deeply anesthetized with sodium pentobarbital (0.5 mL; intramuscular) and then perfused following previously published procedures (e.g., Coppola, Flaim, Carney, & Bingman, 2015) . This 80-min delay between the start of the c-Fos trial and sacrifice was chosen to fix the brain around the time of expected peak c-Fos expression (see Mayer, Pecchia, Bingman, Flore, & Vallortigara, 2016) . c-Fos is the protein product of the expression of this immediate early gene, which is associated with neural plasticity, and it has been previously used as an indicator of recent neural activity associated with behavioral task (chicken: Mayer et al., 2016; amphibians: Calle et al., 2006; Sotelo, Daneri, Bingman, & Muzio, 2016; rats: Huang, Shyu, Hsiao, Chen, & He, 2013 ; for a review on c-Fos and other IEG patterns of expression associated with memory, see Kubik, This document is copyrighted by the American Psychological Association or one of its allied publishers.
This article is intended solely for the personal use of the individual user and is not to be disseminated broadly. Miyashita, & Guzowski, 2007) . Following extraction, brains were postfixed in 20% sucrose in 4% PFA for 24 h and then moved to 30% sucrose in PBS for 72 h for cryoprotection. Next, brains were encased in a block of gelatin (30% sucrose and 15% gelatin in PBS) and then placed on a freezing microtome and cut into 50 m sections. A series of approximately every fifth section was immunohistochemically processed for the protein product of the immediate early gene c-Fos (see below) before being mounted on gelatin-coated slides, dehydrated, and then cover-slipped. All immunohistochemical procedures and tissue analyses were done blind to the group a pigeon belonged. Labeling of c-Fos proteins was conducted in free-floating brain sections following previously used procedures (e.g., Mayer et al., 2016) . Note that tissue was washed three times for 5 min each in 0.1M PBS between all of the following steps, except for the blocking of nonspecific binding step. Tissue was first incubated in 0.3% hydrogen peroxide in 0.1M PBS for 30 min to block endogenous peroxidase activity. Nonspecific binding was blocked by incubating tissue in 3% normal goat serum in 0.1M PBS for 30 min. Next, tissue was incubated overnight at room temperature in a primary antibody against c-Fos produced in mouse (diluted to 1:1000 in 0.1M PBS; E-8, Santa Cruz Biotechnology). The following day the tissue was incubated for 60 min in a biotinylated secondary antimouse produced in goat (diluted to 1:200 in 0.1M PBS; BA-9200, Vector Laboratories). Finally, tissue was incubated for 60 min in the avidin-biotin complex of the VECTASTAIN ABC HRP Kit (PK-4000, Vector Laboratories). Visualization was conducted using the VIP substrate kit for peroxidase (SK-4600, Vector Laboratories).
To quantify c-Fos expression for analysis, the number of c-Fos labels in one 0.40 ϫ 0.40 ϫ 0.05 mm sampling box was counted within each of the three HF subregions (triangular-V region of the medial HF (TrV), dorsomedial (DM), and dorsolateral (DL); Figure 2, see also Coppola et al., 2015) bilaterally at three anteriorposterior (A-P) levels according to the atlas of Karten and Hodos (1967) : A8.50 (only DM and DL), A7.50, and A6.50. Sampling boxes were oriented with respect to conspicuous landmarks (e.g., parahippocampal sulcus) in a section-specific manner. For each subregion, the number of c-Fos labels (see Figure 2) was summed, producing a total number of c-Fos labels counted in that subregion. To obtain total HF number of c-Fos labels, values from the three subregions were summed.
To assess whether any observed difference in the number of c-Fos labeled neurons in HF was a reflection of some overall brain upregulation of c-Fos, we carried out similar counts in the medial striatum (mMSt; for rationale, see Shimizu, Bowers, Budzynski, Kahn, & Mayer et al., 2016) . For the mMSt counts, the same sized sample box as was used for HF was placed bilaterally at three A-P levels: A 12.0, 11.0, and 10.0 (see Figure  2 for one location of the mMSt sample boxes). Counts were carried out as described for HF.
Independent samples t tests were used to test for any statistical differences in the number of c-Fos-labeled HF neurons between the familiar and unfamiliar arena treatments. Of the eight animals perfused for the c-Fos analysis, six were processed together at the same time post-perfusion (three familiar and three unfamiliar environment pigeons) and only those six were analyzed and subjected to statistical analysis.
Results

Behavioral Results
The mean number of sessions the pigeons took to reach criterion was 3.75 (SEM ϭ 0.25) with a range of 3-6 sessions ( Figure 1C ). One-sample t tests were carried out on the percent correct choices for the first three training sessions (all pigeons had at least three sessions of training before probe trials were introduced). This revealed that the geometrically correct corner was chosen significantly above chance (50%) for all three sessions: Session 1, t(7) ϭ 11.29, p Ͻ .001, d ϭ 1.17; Session 2, t(7) ϭ 16.75, p Ͻ .001, d ϭ 2.32; Session 3, t(7) ϭ 19.08, p Ͻ .001, d ϭ 2.71. Not surprisingly, the task was easy for the pigeons to learn.
Probe trials were then introduced to determine the impact of changing the overall shape of the arena while maintaining local geometric information of the corners of the rectangular training arena. Would the pigeons be able to use any local geometric information, preferentially choosing the corner in the kite arena that matched the angle and long wall-short wall configuration of the goal? Summarized in Figure 1D is the choice distribution of the pigeons on the kite-probe trials. There were no significant differences among the four corners in the percent of searches (Kruskal-Wallis: H ϭ 1.91, p ϭ .55; Figure 1D ). Furthermore, one-sample t tests revealed that the mean percent choices to each corner were not significantly different from what expected by chance (i.e., 25%; Correct: M ϭ 18.75; SEM ϭ 4.09; t(7) ϭ Ϫ1.528, p ϭ .170, d ϭ .54; Mirror: M ϭ 28.13; SEM ϭ 11.99; t(7) ϭ .261, p ϭ .802, d ϭ .09; Apex: M ϭ 37.50; SEM ϭ 11.57; t(7) ϭ 1.080, p ϭ .316, d ϭ .38; Obtuse: M ϭ 15.63; SEM ϭ 6.58; t(7) ϭ Ϫ1.426, p ϭ .197, d ϭ .50). This indicates a pattern of choices not significantly different from a random distribution during the kite-probe trials. Curiously, a numerical preference, not statistically significant, was observed for the apex corner, which contained no local features shared with the training rectangular arena.
Because one might interpret the kite-probe data as a negative result, that is, failure to reach a statistically significant preference for the locally correct corner, our conclusion could be criticized for low power because of an insufficient number of subjects. However, it should be emphasized that, compared with analogous experiments, eight subjects is not a small number and that it is similar to other studies that have obtained significant results with different manipulations (e.g., Nardi, Mauch, Klimas, & Bingman, 2012; Nardi, Nitsch, & Bingman, 2010) . Furthermore, there was not even a hint of a numerical preference for the corner that maintained the correct local geometry with respect to the rectangular training arena. In any event, to alleviate possible doubts, we additionally conducted a Bayesian inference test to calculate the Bayes factor associated to the null hypothesis for the probe trials in the kite arena. We used a prior effect size obtained from Nardi and Bingman (2009) , who reported pigeons significantly choosing the correct location according to slope over geometry when the cues were set in conflict. The current null hypothesis was that choices to the locally correct corner in the kite arena would not differ from chance level. The Bayes factor associated with the null hypothesis was 19.43 (Dienes, 2011 ) with a weight of 1.23 (Gallistel, 2009; Good, 1960) , which is considered as "strong" evidence in favor of the null hypothesis (Jeffreys, 1961; Lavine & This document is copyrighted by the American Psychological Association or one of its allied publishers.
This article is intended solely for the personal use of the individual user and is not to be disseminated broadly. Schervish, 1999) . This result supports our conclusion from the initial analysis that pigeons did not show a preference for the corner that matched the local geometric cues during training (right angle corner with the correct long wall-short wall configuration).
HF c-Fos Activation
The behavioral results offer compelling evidence for what the pigeons were not using to locate the goals in the rectangular arena, and this is of considerable comparative interest (see Discussion). Although offering no direct proof, determining whether the HF was recruited to support the goal-locating ability of the pigeons could offer hints as to what information was extracted from the geometry of the arena. Summarized in Figure 2 are the c-Fos count data. The mean number of c-Fos labeled neurons in the HF of the three pigeons tested in the familiar, rectangular arena was 207.0 (SEM ϭ 37.7), which was significantly greater than the number of This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
labeled neurons in the three pigeons tested in the unfamiliar, trapezoid arena (M ϭ 38.0, SEM ϭ 37.5; independent samples t test: t(4) ϭ 3.20, p ϭ .03, d ϭ 2.61). The same numerical trends were seen for the separate subdivisional analyses examining TrV, DM, and DL, but a statistically significant difference was only found in DM (Figure 2 , labeled neurons for familiar arena: M ϭ 90.0; SEM ϭ 29.1; unfamiliar arena: M ϭ 12.0; SEM ϭ 19.9; t(4) ϭ 3.83, p ϭ .02, d ϭ 3.13). It is worth mentioning that, anecdotally, no difference was observed in the behavior of the pigeons exposed to the familiar arena and those exposed to the novel arena that could explain the difference in hippocampal activity. Animals tested in the unfamiliar arena were still for about the first 3 minutes of the trial, after which they approached and searched inside the food bowls as they had previously done in the familiar arena. Notable for both groups is that once food was found the pigeons remained generally still for the remainder of the trial. Summarized in Figure 2 are the c-Fos counts taken from mMSt. Overall, relatively few c-Fos positive neurons were counted in mMSt, consistent with the limited behavioral demand of finding one food-baited bowl during the trial. More important, the mean number of c-Fos labeled neurons for the pigeons tested in the familiar rectangular arena (M ϭ 6.67, SEM ϭ 4.67) did not differ significantly from the pigeons tested in the unfamiliar trapezoid arena (M ϭ 4.67, SEM ϭ 2.12; independent samples t test:
In summary, the c-Fos results are consistent with the hypothesis that the learning of and active reorientation to a goal location in the familiar, rectangular arena was supported by the HF. Additionally, in light of the mMSt counts, the upregulation of c-Fos in the HF of the pigeons tested in the familiar arena was not a reflection of some nonspecific, general increase in neuronal activity throughout the telencephalon, although we cannot exclude that other regions of the telencephalon experienced a similar increase. What might that HF engagement inform us about the nature of the geometric information extracted from the arena that enabled the location of a goal?
Discussion
The current study was designed to determine if local geometric information was sufficient to guide pigeons, trained in a rectangular arena, to locate a goal. The findings offered a comparative contrast to the rat studies of Pearce and colleagues (Esber et al., 2005; Pearce et al., 2004) , which showed that rats can find the matching corner based on local geometric information in a kiteshaped environment after being trained to locate an escape reward in a rectangular environment. The pigeon results clearly show that when the birds were tested in the kite-shaped arena their corner choices were distributed randomly; the birds behaved in the kiteshaped arena as if it was a novel environmental setting with no transfer of any learned spatial information from the rectangular training arena. Therefore, under the testing conditions used, pigeons do not use local geometric information to locate a goal as rats appear to do in an analogous transfer paradigm (Esber et al., 2005; Pearce et al., 2004 ; however, for an alternative interpretation of the rat results see Cheng & Gallistel, 2005 ).
Do the current results then identify an evolutionary divide in the spatial representational strategies used by rats and pigeons? Such an inference is naturally premature. First, the current study used appetitive motivation and the positively reinforcing outcome of food. By contrast, in Esber et al. (2005) , Pearce et al. (2004), and McGregor et al. (2006) , the aversive motivation of a "water arena" and the negatively reinforcing outcome of escape were used with rats. Might rats behave like pigeons in an appetitively motivated or pigeons like rats in an aversely motivated context? Further, Tommasi and Polli (2004) carried out a study in chicks yielding results that could be interpreted as supporting the use of local geometric information on probe trials when their arena was transformed. Notable here is that pigeons and chickens have contrasting evolutionary histories, belonging to very different avian clades, Neoaves and Galloanseres, respectively, separated by 80 million years of independent evolution. It would be simplistic to assume that pigeons and chicks are equivalent avian models. Indeed, Kelly et al. (2010) , who trained chicks and pigeons in a rectangular arena and then tested them in a transformed L-shaped arena, found that their pigeons, differently from chicks, did not follow local geometric cues. In any event, what the current results do demonstrate is that, in pigeons and under the testing conditions used, local geometric information associated with a goal location in an arena of one shape (rectangle) is insufficient to support reorientation when the overall shape of the arena has been changed (kite).
Because of the failure to transfer searches to the kite arena, it is unlikely that successful reorientation in the rectangular arena can be accounted for by any local geometry-matching process, as opposed to using some aspect of global geometry. However, it should be noted that even if the pigeons had encoded the principal or the medial axes of the training arena, two global shape parameters, their choices should have been directed above-chance to the same corner that happens to be locally congruent in the kite (i.e., the right angle corner with the same long wall-short wall configuration of the rewarded corner during training; see Cheng & Gallistel, 2005) . Using Figure 1 as an example, if they learned to localize the target in the rectangular arena by walking along the long axis and then turning right, in the kite they should have chosen the locally correct corner (in addition to the apex corner). Our results do not support the use of either shape axis, and generally do not speak to the debate between the two global shape parameters (for principal axis see: Bodily et al., 2018; Sturz et al., 2012 ; for medial axes see: Ambosta et al., 2013; Kelly et al., 2010) . In summary then, our findings indicate a failure to use local geometry, as well as the principal and medial axes of the arena.
So, what geometric property of the rectangle was guiding reorientation? It has been shown that pigeons encode the relative geometry of the environment, and can transfer search behavior in an arena of equivalent shape but different size (Kelly & Spetch, 2001) . Perhaps even in our study pigeons encoded the overall shape of the environment, which would allow them to generalize their behavior based on relative shape congruency, but not when the overall shape is distorted as with the rectangle-kite transformation. Here the HF activation data are of relevance. In chicks, rats and humans (e.g., Doeller, King, & Burgess, 2008; Lever, Burton, Jeewajee, O'Keefe, & Burgess, 2009; Mayer, Bhushan, Vallortigara, & Lee, 2018; O'Keefe & Burgess, 1996) , the hippocampus and related structures are sensitive to the boundary or shape geometry of an environmental space, and many of the properties of hippocampal neurons in rats are similar to those found in pigeons (Bingman & Sharp, 2006) . HF lesions in pigeons Vargas et al., 2004) and chicks (Mayer et This document is copyrighted by the American Psychological Association or one of its allied publishers.
al., 2016) also impair reorientation when dependent on the shape of an arena but not when the goal can be encoded with the use of local visual features. Hippocampal-dependent navigation by environmental shape has also been reported for rats (McGregor, Hayward, Pearce, & Good, 2004) , although this result was discussed in a way suggesting hippocampal processing of local, geometric information. Acknowledging that "overall shape" is not easy to quantify or operationalize, the body of research described above lends validity to the construct of overall shape, and that when reorientation is guided by overall shape, it is hippocampal dependent. Therefore, the observed upregulation of HF activity observed in the pigeons trained in the familiar environment is consistent with the idea that reorientation in the familiar rectangular environment was guided by a perceptual-memory matching that could only be implemented using a representation of the environment's overall shape.
In some respects, however, the upregulation of c-Fos activity in the pigeons trained in the familiar, rectangular shaped arena was perhaps surprising. In rats, upregulated c-Fos is often seen when animals are placed in a novel environment (Barry & Commins, 2011) . Possibly relevant here as well is the observation that chicks placed in two distinctly shaped environments displayed higher HF c-Fos activity than animals placed in a same shaped environment twice (Mayer et al., 2018) , but the pattern of c-Fos activation was not influenced by the novelty of any test arena nor did the animals need to learn the location of a goal in any of the test environments. On the other hand, in mammals c-Fos upregulation also accompanies all stages of memory formation and it is noteworthy that overall there is no simple relationship between the degree of novelty and hippocampal activation (Kubik et al., 2007) . Therefore, because of the particular memory demands of our study, the greater c-Fos activation in the familiar environment may not be surprising at all. Also, in birds, the observation that HF routinely updates information in the context of spatial learning in a constant environment (Barrett & Sherry, 2012) suggests that HF engagement, with presumably accompanying c-Fos upregulation, occurs when an animal is operating in a familiar space.
However, we must acknowledge that our sample size for the c-Fos analysis was small and certainly more research is needed to replicate our findings and further explore the dynamics of HF neuronal activity in relation to the processing of spatial information in familiar and unfamiliar environments. The small sample size is more problematic for concluding there was no difference in the mMSt of the two groups, and here a larger sample size could conceivably yield a difference in neuronal activity between the familiar and unfamiliar-arena tested pigeons. What does not change though was that, despite the small sample size, a robust difference was found in HF while none was found in the mMSt.
In summary, the behavioral data clearly show that local geometric information is insufficient to recognize a goal location as choices fall to random when the rectangular arena is transformed into the shape of a kite. This result leaves open the possibility that successful goal recognition by pigeons during training is supported by a memory representation of the global, boundary geometry of an environmental space. Given that the avian hippocampal formation has been shown to be important for representing in memory the global, boundary geometry of an environment (e.g., Vargas et al., 2004) , the heighted c-Fos activation observed in the HF of pigeons placed in the familiar, rectangular arena strongly supports the conclusion that the global, boundary geometry of the arena was indeed exploited to represent the goal location. However, what specific global property(ies) are used to encode the location of a goal remains uncertain.
